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[571 ABSTRACT 
A real-time dynamic holographic image storage device 
uses four-wave mixing in a pair of photorefractive crys- 
tals. An oscillation is produced between the crystals 
which can be maintained indefinitely after the initial 
object beam is discontinued. The object beam produces 
an interference pattern in a first crystal to produce a 
phase-conjugate object beam which is directed towards 
the second crystal. In the second crystal another inter- 
ference pattern is created which produces a recon- 
structed object beam. The reconstructed object beam is 
directed back towards the first crystal. The interference 
patterns are produced by interaction of the object and 
phase-conjugate object beams with a read and write 
beam in each of the crystals. By manipulation of the 
ratio of the read and write beam intensities in at least 
one of the crystals, the phase-conjugate or recon- 
structed object beam output therefrom can be amplified 
to maintain stable oscillation between the two crystals. 
182-187. 
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and directing the reconstructed object beam into the 
first dynamic interference pattern to enable continuance 
of the first and second dynamic interference patterns 
after the object beam is no longer received. The dy- 
5 namic interference patterns are formed due to four- 
wave mixing of two of the three incident beams, while 
the third is used to “read” the holographic image. €‘ref- 
erably, the first and second interference Patterns are 
formed in first and second photorefractive crystal re- 
10 gions. These regions may be in separate crystals or 
different regions of the same crystal. 
These objects, together with other objects and advan- 
1. Field of the Invention tages which will be subsequently apparent, reside in the 
The present invention is related to the processing and details of construction and operation as more fully here- 
storing of holographic images and, more particularly, to l5 inafter described and claimed, reference being had to 
a method and apparatus for dynamically storing a holo- the accompanying drawings forming a part hereof, 
graphic image by oscillating between two photorefrac- wherein like reference. numerals refer to like parts 
tive crystals in which interference patterns are created throughout. 
REAL-TIME DYNAMIC HOLOGRAPHIC IMAGE 
STORAGE DEVICE 
ORIGIN OF THE INVENTION 
ne invention described herein was made by employ- 
ees of the United States Government and may be manu- 
factured and used by or for the Government for govern- 
mental purposes without the payment of any royalties 
thereon or therefor. 
BACKGROUND OF THE INVENTION 
by four-wave mixing. 
2. Description of the Related Art 
Holographic images have been created, stored and 
manipulated in many different ways for many different 
purposes. Typically, a holographic image is formed 
using a laser, most often operating in the visible light 
spectrum and less often in the X-ray region or other 25 
wavelengths of electromagnetic radiation. In the fol- 
lowing description of the prior art and the invention, 
the word “processing” will ordinarily be used to refer 
to both storage, with or without modification, and ma- 
nipulation of a holographic image by, e.g., amplifica- 30 
tion, Fourier transformation, enhancement, etc. Many 
different types of optical elements have been used to 
perform such processing on laser beams carrying am- 
plitude/phase information which will hereafter be re- 
One type of optical element used to perform such 
processing includes a photorefractive crystal which can 
perform filtering and image storing functions. Such 
crystals may be formed of bismuth silicone oxide, bar- 
ium titanate and related materials. Such crystals have 40 
been used in systems for enhancement of optical fea- 
tures, as taught by U.S. Pat. No. 4,674,824, to form a 
double phase-conjugate mirror used for image process- 
ing, interferometry and rotation sensing taught in an 
article by Weiss et al. in Optics Letters, Volume 12, No. 45 
2, pages 114-116 and in a self-oscillator, as taught by 
Huignard et al. in Proceedings of SPIE, volume 613, 
pages 22-3 1. However, none of these systems are capa- 
ble of indefinitely storing a holographic image after the 
original object beam discontinues to be supplied. 
SUMMARY OF THE INVENTION 
An object of the present invention is to provide a 
method of storing a holographic image without contin- 
Another object of the present invention is to provide 
a method for dynamically storing the holographic 
image using oscillation between two photorefractive 
crystals. 
a holographic image, comprising the steps of: receiving 
an object beam and first and second sets of reference 
beams; creating a first dynamic interference pattern 
between the object beam and the first set of reference 
beams to produce a phase-conjugate object beam; creat- 65 
ing a second dynamic interference pattern between the 
phase-conjugate object beam and the second set of ref- 
erence beams to produce a reconstructed object beam; 
ferred to as a holographic image. 35 
50 
uously supplying the original object beam. 55 
The above objects are attained by a method of storing 60 
- 
20 BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic diagram of information flow in 
FIG. 2 is a block diagram of an embodiment of the 
an apparatus according to the present invention; and 
present invention. 
DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 
According to the present invention, amplitude and 
phase information forming a holographic image sup- 
plied in an object beam I3 is directed towards a first 
photorefractive crystal 10. A first interference pattern 
forms a hologram in the crystal 10 when the object 
beam I3 meets a first set of reference beams 11 and 12. 
Reference beam 11 will be referred to as a write beam 
and reference beam I2 will be referred to as a read beam 
although it is also known as a pump beam. The write 
and read beams I1 and I2 are counter-propagating, Le., 
directed in opposite directions as illustrated in FIG. 1. 
The angular relationships between the first set of 
reference beams 11, I2and the object beam I3 is such that 
a phase-conjugate object beam 14 is produced by crystal 
10, colinear with the object beam 13 and propagating in 
an opposite direction. The read and write beams 11, 12  
must be colinear to produce beam 14 as a phase-conju- 
gate beam. The Optics 12 are provided for directing the 
phase-conjugate object beam I4 towards a second 
photorefractive crystal 14. The optics 12 may also per- 
form other functions as discussed below. 
The phase-conjugate object beam 14, together with a 
second set of reference beams 15 and I6 form a second 
dynamic interference pattern in crystal 14. The second 
set of reference beams 15 and I6 consist of a write beam 
15 and a read beam 16. In a manner similar to that in 
crystal 10, the beams 14, I5 and I6 produce a phase conju- 
gate of the phase-conjugate object beam 14. This result- 
ing beam 13’ is a reconstructed object beam which is 
counter-propagating with respect to the phase-conju- 
gate object beam 14. The optics 12 provide means for 
directing the reconstructed and phase-conjugate object 
beams 13‘ and 14 toward crystals 10 and 14, respectively. 
As a result, an oscillation is set up between crystals 10 
and 14 which permit a switch 16 to be opened, discon- 
tinuing the supply of the object beam 13, while the first 
and second dynamic interference patterns are main- 
tained. 
The first and second interference patterns can be 
maintained due to certain properties of photorefractive 
4,913,534 
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crystals and the relative intensities and angular relation- ance of the interference patterns in the crystals 10, 14, 
ships between the light beams incident on the crystals provided the reference beams 11,12,15 and I6 are contin- 
10 and 14. The hologram which constitutes the first uously supplied. 
dynamic interference pattern is formed by four-wave In addition to producing sufficient gain in one of the 
mixing of two coherent light beams 11,h and read beam 5 two crystals 10 and 14 so that the image does not de- 
I2 which may or may not be coherent with respect to grade, oscillation of the holographic image requires that 
light beams 11 and 13. The mixing of these two beams in the phase of the phase-conjugate object beam 14 and the 
the first photorefractive Crystal region 10 Creates a reconstructed object beam 13’ must be in a specific rela- 
phase grating within the crystal 10 which diffracts a tionship. The overall round-trip phase from crystal 10 
Portion of the write and read beams I1 and This 10 to crystal 14 and back to crystal 10 must be an integral 
diffracted beam exits the crystal as the phase-conjugate multiple of 2 ~ .  The existence of this condition is deter- 
object beam 14. A similar phase grating is created in the mined by the coupling coefficient, the length of the 
second photorefractive crystal renion 14 by the phase- crystals and the the constant of the ~ ~ ~ i ~ ~ 1 l ~ ,  
conjugate object beam 4, write beam IS and read beam 
16. 
The mechanism by which the phase grating is pro- 
duced in the photorefractive crystal. regions is as fol- 
lows. The write (reference) and object (phase-conjugate 
object or reconstructed object) beams will interfere 
because they are coherent. The resulting interference 
pattern produced by the addition of these two beams, 
that is, the spatial variations in light intensity which 
characterize the interference pattern, cause charge car- 
riers within the crystal regions 10 and 14 to migrate. 
Charges which are created in regions of high light in- 
tensity move to regions of low light intensity. This 
charge migration effect may be accelerated by applica- 
tion of an external electric field across the crystal. After 
a period of time which depends upon the intensity of the 
incident light, magnitude and direction of the applied 
external field and properties of the photorefractive 
crystal, an equilibrium state is reached within the crys- 
tal. At equilibrium, a space charge distribution exists 
within the crystal which gives rise to a spatially varying 
electrostatic field. This electrostatic field induces a 
change in the index of refraction by the electro-optic 
effect. The spatially varying index of refraction is the 
phase grating which produces diffraction of the three 
beams. 
Typically, the reference beams 11, I2 each have an 
intensity which is much greater than the intensity of the 
object beam 13. There will usually be a difference in the 
intensity of the reference beams, such that the ratio 
1 2 \ 1 1  is greater than one. The reflectivity R of the 
crystal is defined as indicated in equation (1). 
The diffraction efficiency p is always less than one and 
at best is typically around 0.5. The diffraction efficiency 
p can be varied by changing the orientation of the 
beams 11, 12, 13 with respect to the optical axis of the 
Thus, it is possible to amplify the object (phase-conju- 
gate object or reconstructed object) beams by varying 
the angle between the optical axis of the crystal and the 
incident read and object beams or by varying the ratio 
of the intensity of the read and write beams, as well as 
by applying an electric field along the optical axis of the 
crystal 10 or 14. By changing the angles of the three 
beams 11, 12 and 13 (or 14, IS and 16) respective to the 
optical axis of the crystal, energy from the read beam 12 
may be diffracted into the phase-conjugate object beam 
14 (or I6 into 13’). Because it is possible to amplify the 
object beam each time it is mixed with the read and 
write beams, attenuation of the signal as it passes 
through optics 12 does not prevent indefinite continu- 
crystal 10. 
the time constant for substantially identical crystals w i l  
l5 be roughly equal if the total light intensity incident on 
the crystals 10,14 is the same, because the time constant 
is inversely proportional to the total light intensity. 
Any material which exhibits photoconductivity or a 
photovoltaic operation can be used for the photorefrac- 
2o tive crystals 10 and 14. Examples of such crystals in- 
25 
30 
35 
40 
45 
50 
55 
60 
65 
clude Bi12Si020, BilzGeO20, BaTiOs, etc., which are 
sensitive to light in the visible region of the electromag- 
netic spectrum, and semiconductor materials such as 
gallium arsenide and silicon which are sensitive to light 
in the infrared region of the electromagnetic spectrum. 
Other materials may be used which are sensitive to 
other regions of the electromagnetic spectrum, such as 
X-rays. Thus, a wide range of materials and wave- 
lengths of beams may be used in constructing this inven- 
tion. 
As noted above, the two crystal regions 10 and 14 
may be different regions of the same crystal. On the 
other hand, they may be two separate crystals and may 
even be made of different materials. Specific dimensions 
of the crystals and angular arrangements of the light 
beams are unimportant as long as coherence is main- 
tained between beams 11, 13 and 13’ and between 14 and 
IS. The frequency of the beams must be matched to the 
characteristics of the crystals, but as noted above, any 
of a wide range of frequencies may be selected, depend- 
ing upon the properties of the crystal chosen. Thus, the 
read and write beams in a single crystal do not have to 
be in coherence and possibly may be permitted to have 
slightly different frequencies, but the read beam in one 
crystal will have to be in coherence with the write beam 
in the other crystal. 
The optics 12 through which the phase-conjugate 
object beam 4 and reconstructed object beam 13’ pass 
may be formed of many different types of optical ele- 
ments, such as lenses, spatial filters (masks), etc. As 
noted above, the controllable amplification in one or 
both of the crystal regions 10 and 14 can compensate for 
a significant amount of loss in the optics 12 without 
affecting the ability of the interference patterns to be 
maintained in the crystals 10 and 14. The amplification 
which occurs in the crystals may be accomplished in 
many different ways, including controlling the intensity 
of at least one beam in the first and second sets of refer- 
ence beams, or the angular relationships between the 
objects and reference beams in at least one of the crys- 
tals. 
An embodiment of the invention indicating one way 
of controlling the amplification in one of the crystals is 
illustrated in FIG. 2. All of the light beams used in the 
apparatus illustrated in FIG. 2 are supplied by a laser 20. 
In the embodiment illustrated in FIG. 2, two separate 
refractive crystals 10 and 14 are used. As noted above, 
4,913,534 
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BaTiO3 crystals may be used with light beams in the 
visible spectrum. Thus, the laser 20 may be an argon or 
helium-neon laser. While the power of the laser 20 de- 
pends upon the amount of loss in the system and the 
physical size of the system, a He-Ne laser with a power 
of 35 mW has been used to successfully create an oscil- 
lation between two BaTiO3 crystals. 
The light emitted by the laser 20 is separated into two 
beams by a beam splitter 22, such as optical glass coated 
with a metallic reflector with a transmission efficiency 
of 50%. One of the beams created by the beam splitter 
22 is reflected by a mirror 28, passes through an elec- 
tronic shutter 30 and object beam generation means 32. 
The object beam generation means 32 may include 
many different types of optical elements. In the illus- 
trated embodiment, the elements include a pinhole 34, 
lenses 35,36 and mask 38. The mask 38 may be a slide 
containing an image, including an integrated circuit 
mask as in the apparatus disclosed in U.S. Pat. No. 
4,674,824. Alternatively, the source of the object beam 
may be derived from sources other than a mask. Fur- 
thermore, the object beam creation means 32 may con- 
tain any elements cpnventionally used to produce a 
holograDhic image. 
6 
in FIG. 1, although for simplicity the object beam 13 is 
not illustrated as passing through the optics 12. The 
phase-conjugate object beam 14, after some loss in inten- 
sity, is directed by the beam splitter 54 through lenses 
5 56, 57 and beam' splitter 60 towards the second crystal 
14. The lenses 56, 57 and beam splitter 60 are also in- 
cluded in the optics 12 illustrated in FIG. 1. The phase- 
conjugate object beam 14 and write and read beams IS 
and I6 form the reconstructed object beam 13' in the 
10 second crystal 14 as described above. The beam splitter 
60 provides output means for outputting at least one of 
the phase-conjugate and reconstructed object beams 13' 
and 14. A camera detector or other image detecting 
device 62 receives the output beam. Alternatively, the 
l5 output beam can be supplied as a new object beam to a 
holographic storage apparatus similar to that illustrated 
in FIG. 2. Coupling several such apparatuses with vari- 
ations in spatial filters, optical switches and lenses ena- 
bles the creation of an extensive optical processor or 
2o computing system. Thus, the phase-conjugate object 
beam or reconstructed object beam can be used in ex- 
tensive processing. 
As illustrated in FIG. 2, the beam splitter 54 directs a 
I . - portion of the reconstructed object beam 14 towards a 
used to produce the reference beams. This beam passes sensor for control means 66,67 for controlling the vari- through beam splitters 41,42 to create three beams. The able attenuator 44. The control means 66, 67 may com- beam splitters 41 and 42 may be similar to beam splitter 
used to produce the write beam I1 and thus is directed 3o desired to maintain stable oscillation between the 
The Other beam generated by the beam splitter 22 is 25 photomultip~ier tube detector 64 which comprises a 
22. One of the beams generated by beam splitter 41 is prise a 66 and 67' Where it is 
towardsthe first crystal 10. Preferably, this beam I1 is of 
much lower intensity than the beam which is directed 
towards beam splitter 42. As a result, beam splitter 42 is 
able to generate two beams 12', 15, one 12' of which is 
directed towards a variable attenuator 44. This beam 12' 35 
preferably has a significantly higher intensity than the 
write beam 11. After passing through the variable atten- 
uator 44 and reflecting off of mirrors 46, 47 this beam 
becomes the read beam 12. The other beam IS generated 
by the beam splitter 42 is reflected by mirrors 49,50 and 40 
directed towards the second crystal 14 as the write 
beam IS. After passing through the crystal 14, this beam 
is reflected by mirror 52 and thus becomes the read 
beam 16. 
to provide beam intensity control means for controlling 
Thus, only a single variable attenuator 44 is required 45 
the intensity of at least one of the read and write beam; 
Alternatively, additional means for controlling intensity 
of other reference beams may be provided. For exam- 
ple, liquid crystal gates may be used to modify beam 
intensity and spatial distribution of the light beams. In 
addition to using multiple liquid crystal gates, additional 
variable attenuators may be used on any of the read and 
write beams I1,12,I~ and 16. Any of these variable atten- 
uators, including variable attenuator 44, may be a 
pockel cell, a set of linear filters, or any element capable 
of providing variable attenuation of light intensity, in- 
cluding modulation of beam amplitude. In addition, 
instead of using a reflection of the write beam IS to 
produce the read beam 16, the read beam I6 may be 
generated by, e.g., replacing mirror 49 with a beam 
splitter which directs one of the beams towards mirror 
52. Also, it should be understood that the mirrors 49, 50 
are arranged in three-dimensional space in such a man- 
ner that there is no interference with the object beam 
generation means 32. As illustrated in FIG. 2, the object 
beam I3 is created after passing through a beam splitter 
54. This beam splitter is part of the optics 12 illustrated 
50 
55 
60 
65 
photorefractive crystals 10 and 14 after the electronic 
shutter 30 closes, effectively opening switch 16 (FIG. 
l), the control means 66, 67 can control the attenuation 
of the light beam passing therethrough in response to 
the light intensity detected by photomultiplier tube 64. 
If it is desired to process the holographic image by, 
e.g., amplification, the control means can be adjusted to 
perform this operation. Additional operator control 
(not shown) or other input means can be provided to 
determine how the control means 66, 67 varies the at- 
tenuation of variable attenuator 44. In a simple system, 
the control means 66, 67 may be replaced by manual 
manipulation of, e.g., a set of linear filters forming the 
variable attenuator 44, to control the gain in crystal 10. 
In this case, the intensity of the light beams Il-Isand the 
responsiveness of the crystals 10,14 to the frequency of 
the light beam must be selected to provide sufficiently 
slow response, on the order of a fraction of a hertz to 
enable manual manipulation of a filter to control the 
oscillation between the crystals 10, 14. On the other 
hand, known photorefractive crystals have a suffi- 
ciently high responsiveness to conventional lasers to 
produce oscillations on the order of kilohertz. Thus, the 
present invention is capable of high speed processing of 
optical images enabling the construction of a high speed 
optical processor. 
The foregoing is considered as illustrative only of the 
principles of the invention. Further, since numerous 
modifications and changes will readily occur to occur 
to those skilled in the art, it is not desired to limit the 
invention to the exact construction and operation 
shown and described, and accordingly, all suitable mod- 
ifications and equivalents may be resorted to, falling 
within the scope and spirit of the invention as recited in 
the appended claims. 
What is claimed is: 
1. A method of storing a holographic image, compris- 
ing the steps of: 
- _ -  
to produce a reconstGcted object beam; and 
(d) directing the reconstructed object beam into the 
first dynamic interference pattern to enable contin- 
uance of the fzst and second dynamic interference 
patterns after said receiving of the object beam is 
discontinued. 
2. A method as claimed in claim 1, wherein said creat- 
ing in steps (b) and (c) utilizes four-wave mixing of at 
least two of the reference beams and the object beam 
initially, the phase-conjugate object beam, and the re- 
constructed object beam subsequently. 
3. A method as recited in claim 1, wherein at least one 
of the reference beams in the first and second sets of 
reference beams is independently controllable, and 
wherein said method further comprises the step of 
(e) controlling the at least one of the reference 
beams to adjust the holographic image stored by 
said method. 
4. A method as recited in claim 3, wherein step (e) 
comprises controlling the at least one of the reference 
beams to maintain stable oscillation between the first 
and second photorefractive crystal regions. 
5. A method as recited in claim 3, wherein step (e) 
comprises controlling the at least one of the reference 
beams to manipulate the holographic image. 
6. A method as recited in claim 3, wherein said con- 
trolling in step (e) comprises adjusting an angular rela- 
tionship between at least one of the reconstructed and 
phase-conjugate object beams and the first and second 
sets of reference beams, respectively. 
7. A method as recited in claim 1, further comprising 
the step of processing at least one of the phase-conju- 
gate object beam and the reconstructed object beam. 
8. A method as recited in claim 1 wherein steps (b) 
and (c) are performed in separate crystals. 
9. A method as recited in claim 1 wherein steps (b) 
and (c) are performed in separate crystal regions in a 
single crystal. 
10. A method as recited in claim 9, wherein at least 
one of the reference beams in the first and second sets of 
reference beams is independently controllable, and 
wherein said method further comprises the step of 
(e) controlling the at least one of the reference 
beams to adjust the holographic image stored by 
said method. 
11. A method as recited in claim 10, wherein step (e) 
comnrises controlline the at least one of the reference 
4,913,534 
8 
said write beams in said respective sets of reference 
beams being coherent; 
first pattern means for creating a first dynamic inter- 
ference pattern between the object beam and the 
first Set Of Counter-propagating, CO-linear reference 
beams to produce a phase-conjugate object beam; 
second pattern means for creating a second dynamic 
interference pattern between the phase-conjugate 
object beam and the second set of counter-propa- 
gating, co-linear reference beams to produce a 
reconstructed object beam; and 
directing means for directing the reconstructed ob- 
ject beam into the first dynamic interference pat- 
tern to enable continuance of the first and second 
dynamic interference patterns after said supply 
means discontinues supplying the object beam and 
continues suDDlvinn the first and second sets of 
7 
(a) receiving an object beam and first and second sets 
of counter-propagating, co-linear reference beams, 
each of said sets of counter-propagating, .co-linear 
reference beams comprising a write beam and a 
read beam, said object beam and said write beams 
in said respective sets of reference beams being 
coherent; 
(b) creating a first dynamic interference pattern be- 
tween the object beam and the first set of counter- 
propagating, co-linear reference beams to produce 
a phase-conjugate object beam; 
(c) creating a dynamic interference pattern between 
the phase-conjugate object beam and the second set 
of counter-propagating, co-linear reference beams 
15 
I. - - 
counter-propagating, co-linear reference beams. 
13. An apparatus as recited in claim 12, wherein said 
supply means includes means for supplying said read 
2o beam and said write beam in each of said first and sec- 
ond sets of counter-propagating, co-linear reference 
beams. 
14. An apparatus as recited in claim 13, further com- 
prising controlling means for controlling at least one of 
said read and write beams in at least one of the said first 
25 and second sets of counter-propagating, co-linear refer- 
ence beams to adjust the holographic image stored by 
said apparatus. 
15. An apparatus as recited in claim 14, wherein said 
controlling means comprises beam intensity control 
30 means for controlling the intensity of the at least one of 
said read and write beams in the at least one of said first 
35 
40 
45 
50 
55 
beams to maintain ;able oscillation between the first 60 
and second photorefractive crystal regions. 
12. An apparatus for storing a holographic image, 
comprising: 
supply means for supplying an object beam and first 
and second sets of counter-propagating, co-linear 65 
reference beams, each of said sets of counter- 
propagating, co-linear reference beams comprising 
a write beam and a read beam, said object beam and 
and second sets of counter-propagating, co-linear refer- 
ence beams. 
16. An apparatus as recited in claim 15, wherein said 
beam intensity control means comprises at least one 
variable attenuator. 
17. An apparatus as recited in claim 15, wherein said 
beam intensity control means comprises at least one 
liquid crystal gate for modifying beam intensity and 
spatial distribution. 
18. An apparatus as recited in claim 12, wherein said 
first and second pattern means respectively comprise 
first and second photorefractive crystal regions for 
receiving the object initially, the reconstructed object 
beam subsequently and the first set of counter-propagat- 
ing, co-linear reference beams, and the phase-conjugate 
object beam and the second set of counter-propagating, 
co-linear reference beams, and for producing the phase- 
conjugate object beam and the reconstructed object 
beam, respectively. 
19. An apparatus as recited in claim 18 wherein said 
first and second photorefractive crystal regions are 
formed in separate crystals. 
20. An apparatus as recited in claim 18 wherein said 
first and second photorefractive crystal regions are 
formed in a single crystal. 
21. An apparatus as recited in claim 12, further com- 
prising output means for outputting at least one of the 
phase-conjugate object beam and the reconstructed 
object beam. 
22. An apparatus as recited in claim 21, wherein said 
output means includes an image detection device for 
detecting an image transmitted by the at least one of the 
phase-conjugate object beam and the reconstructed 
object beam. 
23. An apparatus as recited in claim 21, wherein said 
output means includes means for supplying the at least 
one of the phase-conjugate object beam and the recon- 
structed object beam as a new object beam to a holo- 
graphic storage apparatus similar to said apparatus. * * * * *  
